We examined genetic variability and spatial heterogeneity of maternally (mtDNA) and biparentally (allozymes) inherited genes for a large, widely distributed mammal. Whitetailed deer (Odocoileus virginianus) in 6 populations from the coastal plain in Georgia and South Carolina showed high levels of variability and spatial heterogeneity for mtDNA and allozymes. There was little sharing of mtDNA variants among samples separated by 30 to 100 km, and 12 of 13 allozyme loci showed significant differentiation among populations. Spatial genetic heterogeneity was positively correlated with geographical distance as predicted in Wright's isolation by distance model. High spatial heterogeneity is surprising considering the species' physical capacity for moving great distances. Dispersal must be limited, but more so in females because they accounted for only an estimated 13% of total dispersal. Social factors must strongly limit dispersal in white-tailed deer and probably many other mammals.
Most mammals occur in metapopulations in which males do most of the dispersing (Greenwood 1980) . These metapopulations usually show spatial heterogeneity in their gene frequencies (Arctander et al. 1996; Smith et al. 1980; Ward et al. 1992) , even when the species is large and potentially highly mobile, such as white-tailed deer, Odocoileus virginianus (Smith et al. 1989 ). However, nuclear markers and mitochondrial DNA (mtDNA) are inherited differently, with the former displaying biparental inheritance and the latter predominately maternal inheritance in mammals (Avise 1994; Lightowlers et al. 1997; Shitara et al. 1998) . In deer and most mammals, females are philopatric (Greenwood 1980) , leading us to predict that the degree of spatial het-* Correspondent: purdue@museum.state.il.us erogeneity should be quite high for maternally inherited genes, especially when compared with genetic markers inherited in diploid fashion. This difference in heterogeneity should be related directly to the amount of male and female gene flow, and genetic distance among samples should increase with increasing geographical distance according to isolation by distance model (Wright 1969) .
MATERIALS AND METHODS
Tissue collections.-Six collection sites were chosen that formed a transect in the lower Savannah River drainage and coastal region of South Carolina and Georgia (Fig. 1) . Sites along the transect were separated by 25-50 km. That region was chosen for study because it contained native populations of deer that have been affected only minimally by introduced conspecif-ics (Blackard 1971) . Samples of liver and muscle were taken from deer killed by hunters during the autumns of 1993-1994.
Allozymes.-The allozyme analysis was conducted at the Savannah River Ecology Laboratory. Allele products were detected by starch gel electrophoretic techniques described in Breshears et al. (1988) . Loci known to be variable in deer (Breshears et al. 1988; Ellsworth et al. 1994) were examined: aconitate hydratase (AH, EC 4.2.1.3), adenosine deaminase (ADA, EC 3.5.4.4), supernatant aspartate aminotransferase (sAAT, EC 2.6.1.1), mitochondrial asparate aminotransferase (mAAT, EC 2.6.1.1), esterase-2 (EST2, EC 3.1.1.-), L-iditol dehydrogenase (IDDH, EC 1.1.1.14), lactate dehydrogenase-1 (LDH1, EC 1.1.1.27), lactate dehydrogenase-2 (LDH2, EC 1.1.1.27), mitochondrial malate dehydrogenase (mMDH, EC 1.1.1.37), supernatant malate dehydrogenase (sMDH, EC 1.1.1.37), malic enzyme-2 (MEP2, EC 1.1.1.40), mannose-6-phosphate isomerase (MPI, EC 5.3.1.8), and phosphoglucomutase-2 (PGM2, EC 5.4.2.2). Allozyme nomenclature and abbreviations follow Breshears et al. (1988) and Shaklee et al. (1989) . Other loci known to be monomorphic in deer (Ellsworth et al. 1994) were not analyzed.
mtDNA.-mtDNA analysis was conducted in the Genetics Laboratory of the Illinois State Museum using polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) techniques (Georgiadis 1996) . After DNA extraction using a protocol similar to that in Medrano et al. (1990) , 700-800 base pairs (bp)-depending on the number of copies of a 75-bp repeat-of the mtDNA control region was amplified using primers L15926 (5Ј-TACA-CTGGTCTTGTAAACC-3Ј) and H16501 (5Ј-ATGGCCCTGTAGAAAGAAC-3Ј or 5Ј-AT-CACCCTGAAGAARGAACCAG-3Ј). L and H in primer labels referred to light and heavy strands of the mtDNA. Primer number corresponded to the 3Ј base position in human mtDNA (Anderson et al. 1981) . When paired with the light-strand primer, the 2 H16501 primers yielded products of identical length. However, the 1st version of the heavy-strand primer better matched template DNA of deer and produced a cleaner PCR product. PCR was accomplished using Taq polymerase. Generally, 50 or 100 l of PCR product was produced by the following constituents and parameters: 0.5 l DNA template added to 1ϫ PCR buffer (PE Applied Biosystems, Foster City, California, or Promega, Madison, Wisconsin); 0.2 M of each primer; 1 mM each of dATP, dCTP, dGTP, and dTTP; and 1.25 units of Taq. Usually, 32-34 thermal cycles (denature, 94ЊC for 60 s; anneal, 54ЊC for 40 s; and extend, 70ЊC for 60 s, with 3 s added per cycle) were necessary to complete PCR. For success with some samples, slight alterations were necessary in the amount of template, anneal temperature, or number of cycles. PCR products were treated independently with 5 restriction enzymes: AluI, AseI, BfaI, DdeI, and RsaI. Preliminary tests, which included those and other enzymes, indicated that the listed suite of restriction enzymes was effective for detection of polymorphic sites. Restriction digests were electrophoresed in 2.5-3.0% MetaPhor (FMC BioProducts, Rockland, Maine) gels. Each haplotype was identified by a unique fragment pattern in restriction analyses.
Statistical analyses.-For mtDNA, procedures in Weir (1996) were used for determination of Wright's fixation index (F ST ), a measure of divergence among samples. We retained F ST notation, although others prefer the symbol (Weir 1996) . F ST -values for allozymes were calculated using BIOSYS (Swofford and Selander 1981) . Statistical tests for F ST -values were performed according to Workman and Niswander (1970) . Haplotype diversities for mtDNA (ĥ ) were calculated as in Nei (1987: equation 8.5) .
Gene flow (Nm, where N ϭ effective population size and m ϭ migration rate) was estimated from F ST -values: Nm ഠ 1/4({1/F ST } Ϫ 1) for allozymes, and Nm ഠ 1/2({1/F ST } Ϫ 1) for mtDNA (Slatkin 1994 ). An Nm-value Ͻ1.0 indicated that drift, if it occurs, acts independently in each subpopulation (Slatkin 1994) . Some authors question the validity of estimating Nm from F ST and using Nm ϭ 1.0 as a critical value for gene flow (Chesser and Baker 1996) . Our use of Nm was intended only to suggest the degree that maternal gene flow is restricted when compared with that of males.
A matrix of modified Rogers distances (Rohlf 1993 ) was computed to represent genetic distances between subpopulations for allozyme frequencies. For mtDNA haplotypes, a matrix was constructed of Manhattan distances (Rohlf 1993) . Geographic distances (km) between the presumed centers of subpopulations were included in a 3rd matrix. The degree of relationship between any 2 matrices was determined by 
RESULTS
White-tailed deer were highly variable for mtDNA with 15 haplotypes found in the 6 sites (Table 1 ). Adjacent samples had strikingly different haplotype distributions (Fig. 1) , with an overall F ST of 0.63 (Table  1) . Some samples were separated by only 25 km (Fig. 1) . Only adjacent samples shared haplotypes, with 1 exception of a rare haplotype from the Savannah River Site that was the common variant at Fort Stewart. Female gene flow was estimated at 0.3 females/generation. Fixation of haplotypes was not observed except for the southernmost sample (HN, Fig. 1 ). Haplotype diversity within populations was variable (ĥ ϭ 0.00-0.67), with an overall mean of 0.41 (Table 1) .
For allozymes, we found high levels of variation in each subpopulation for the 13 loci analyzed (mean direct-count heterozygosity [H] ϭ 0.16-0.24; Table 1 ). Variable loci were AH, ADA, sAAT, mAAT, EST2, IDDH, LDH2, sMDH, MEP2, MPI, and PGM2. Monomorphic loci were LDH1 and mMDH. Eight polymorphic allozymes had the same common allele, whereas EST2, IDDH, and AH had different common alleles among the 6 samples. Individually, all polymorphic allozymes had significant F STvalues (P Ͻ 0.05), except for sAAT. Overall F ST for allozymes was 0.10 (Table 1 ). The estimate of Nm was 2.3.
We found significant correlations between matrices of allozyme genetic and geographic distances (Z ϭ 0.70, P ϭ 0.004) and mtDNA genetic and geographic distances (Z ϭ 0.41, P ϭ 0.039). No correlation existed between genetic distance matrices of allozymes and mtDNA (Z ϭϪ0.05, P ϭ 0.345).
DISCUSSION
We found high variability in the control region of the mtDNA for white-tailed deer. Indeed, given the relatively small study area and lack of taxonomic distinctions, this is one of the highest levels of variability reported for mtDNA in mammals (Avise 1994) . For allozymes, the white-tailed deer is known already as one of the most variable mammals (Arctander et al. 1996; Smith et al. 1980; Ward et al. 1992) . Spatial distribution of allozyme alleles contrasts sharply with that for mtDNA haplotypes, with the latter displaying a much stronger pattern (Fig. 1) . It is apparent that dispersal by females is much lower than that accomplished by males. By contrasting total Nm (2.3), which includes dispersal by both sexes, with that calculated from mtDNA (0.3), we estimate that 13% of all gene flow is attributable to females. In mark-release studies, estimates of female dispersal vary from 15% to near 50% of total dispersal in white-tailed deer (Hawkins et al. 1971; Nelson and Mech 1987; Nixon et al. 1991) , and in another genetic analysis, Ellsworth et al. (1994) estimated that female dispersal in white-tailed deer was 22% of the total. Ellsworth et al. (1994) included populations in a large region that included our study area generally, but only 1 of our specific locations. By focusing only on a part of the variable region of mtDNA and using restriction enzymes that fragmented DNA into small segments, we documented large numbers of haplotypes. Resulting data allowed a more precise description of spatial heterogeneity and a better estimate of gene flow in deer than previous analyses of mtDNA variability. In any event, the functional migration distance of females appears to be Ͻ50 km, because there is almost no sharing of mtDNA haplotypes by populations separated by this distance. Nm for females is not sufficient to substantially reduce spatial heterogeneity of mtDNA haplotypes (Slatkin 1994) .
Historical factors probably have influenced observed genetic patterns, especially those for mtDNA. Bottlenecks may have occurred in some subpopulations during the widespread decline in density created by overharvesting of deer early in the 1900s (Blackard 1971) . With legal protection and subsequent increasing density, gene flow among subpopulations fixed for alternate haplotypes could have increased haplotype diversity at many sites. Alternatively, drift may be a major cause of spatial heterogeneity among the 6 populations, particularly when densities were low and isolation between subpopulations was common. Strong drift ultimately results in alternate fixation of haplotypes, which was not observed except for the southernmost sample (HN, Fig.  1) .
We found significant correlations between matrices of allozyme genetic and geographic distances and mtDNA genetic and geographic distances. Both analyses demonstrate that the effects of overall gene flow decrease with increasing geographic distance, as expected in an isolation by distance model. Seldom has the correlation of genetic and geographic distances been demonstrated quantitatively in mammals (Chesser 1983; Kennedy et al. 1987; Leberg et al. 1994; Scribner and Chesser 1993) . Because dispersal patterns for males and females differ, it was expected that genetic distances of allozymes and mtDNA would be uncorrelated.
Deer are large-bodied mammals and excellent swimmers (Severinghaus and Cheatum 1956 ) capable of moving the distance between our 2 most distant sample areas (195 km) within a short time. Despite this capability, dispersal by deer must be quite limited, such that genetic distance increases with geographical distance. Females are philopatric (Hawkins et al. 1971; Nixon et al. 1991; Severinghaus and Cheatum 1956) , probably in response to social interactions within matriarchal lines, and do very little of the dispersal. Males do most of the dispersal and mainly are responsible for maintenance of variability for nuclear genes within subpopulations, but even their movement is insufficient to eliminate spatial heterogeneity in allele frequencies. Social factors that restrict dispersal must be quite strong, because this pattern in white-tailed deer is exhibited despite probable major population upheavals caused by the annual removal by hunters of Ն35% of animals (Novak et al. 1991) . High genetic divergence among geographically distinct samples, as described here, is characteristic of most mammals (Arctander et al. 1996; Smith et al. 1980; Ward et al. 1992) and probably is related to their occurrence in subpopulations connected by male dispersal within a larger metapopulation.
